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Oncogenic signaling pathways in cancer

Sanchez-Vega, F., et al., Cell 2018

89% ≥1 driver alteration in the pathways
57% ≥1 druggable targets



Sanchez-Vega, F., et al., Cell 2018

RTK signaling in cancer



Sanchez-Vega, F., et al., Cell 2018

RTK signaling in cancer



Sanchez-Vega F., et al., Cell 2018

Genetic mechanisms of RTK activation in cancer

Genetic alterations

• Amplification
• Fusion
• Mutations
• Multiple



Epigenetic control of transcription

Nacev B et al., The epigenomics of sarcoma, NRC 2020



Features of transcription modules

Adapted Zhou, Goren and Bernstein, NRG 2011;Calo and Wysocka, Mol Cell 2013
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Genetic-epigenetic interaction in cellular context-dependent oncogenic transformation
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Management:
• Surgery mainstay treatment
• Recurrence or metastatic disease - fatal
• Refractory to chemotherapy and radiation
• Imatinib is the first line therapy for past 20 years 

• ~5,000 cases diagnosed per year in the US. 

• One of the most common subtypes of soft tissue sarcomas, the most common mesenchymal neoplasm in 
the GI tract. 

• Can arise anywhere from the entire GI tract; stomach is the most common primary site (2/3), then small 
bowel (1/4), esophagus/colon/rectum (the rest).

•Originates from Interstitial Cells of Cajal (ICCs).

•The majority of GISTs are characterized by KIT or PDGFRA activating mutations, other mutations 
include BRAFV600E, NF1 loss, SDH-deficiency, etc.

•Peak incidence 50–65-year-old for sporadic GIST.  Familial syndromes with early onset.

Gastrointestinal stromal tumor (GIST)



α-KITH&E

GIST of stomachInterstitial Cell of Cajal (ICC)-
Pacemaker cells of the GI tract

• Originates from the Interstitial Cells of Cajal (ICCs) of the GI tract
• Characterized by KIT positive IHC and activating mutations in KIT or PDGFRA

Huizinga, J.D. et al., Nature, 1995; Hirota, S., et al., Science, 1998

GIST originates from ICC naturally express KIT



OSTTF

Historical OS with Doxorubicin

Imatinib (Gleevec)-FDA approved as 1st line therapy for GIST 2002!
1st targeted therapy in solid tumor.



Molecular characterization of GIST

Blay JY et al., Nat Rev Dis Primers, 2021Klug LR et al., Nat Rev Clin Oncol, 2022



Clinical challenges- heterogeneous imatinib resistance mechanisms

14% - Primary resistance; 50% - Develop imatinib resistance within 2 years 
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KIT
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Polyclonal Resistance

Resistance Mechanisms:

1. Various secondary mutations (50-65%)
2. Genomic Amplification of RTKs
3. Activation alternative signaling pathways
4. Kit-low, imatinib-resistant GIST stem/progenitors
5. Tumor adaptation and persistence of disease
6. Tumor heterogeneity and polyclonal resistance
7. Others…



Molecular pathogenesis of GIST

Corless, et al, Nat Rev Cancer, 2011; Blay JY et al., Nat Re Dis Primers, 2021

SDH-competent (>90%) SDH-deficient (9%)

?
Transcriptome



KIT 
(regulates multiple cell lineages)
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Familial GIST mouse models
(Kit V558del, K641E, D818Y)
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Sommer G et al, PNAS 2003; Rubin BP et al, Cancer Res 2005; Nakai N et al, J Pathol 2008; Kwon JG et al, Gastroenterology 2009
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ETV1 is differentially highly expressed in GIST



ETV1 is expressed in specific ICCs susceptible to oncogenesis
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Chi P, Chen Y, et al, Nature, 2010



Kit whole-mount (ICC-MY Plane) Kit whole-mount (ICC-SMP Plane)
Etv1+/+ Etv1+/+Etv1-/- Etv1-/-

ETV1 is required for the development of ICC-IM /ICC-MY networks
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Chi P, Chen Y, et al, Nature, 2010



GIST48 cell (imatinib resistant)
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ETV1 is required for GIST growth and survival



Chi, P, Chen, Y et al, Nature 2010; Ran L et al., Cancer Discovery, 2015
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How does ETV1 regulate lineage-specific oncogenic transcriptome in cancer?

Chi P, Chen Y, et al, Nature, 2010; Chen Y, Chi P, et al., Nat Medicine 2013; Ran L, Chen Y, et al, Cancer Discovery 2015, 2018 

•GIST (ICC/GIST lineage-specific)
•Prostate Cancer (Prostate lineage-specific)
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Enhancers define cell lineage

X

Prostate: X= AR
Breast: X=ER

Adapted from Li and Huang, 2016 

ChIP-seq (Chromatin immunoprecipitation- next gen seq)
ATAC-seq (Chromatin accessibility)



ETV1 cistrome analysis
GIST Prostate Cancer

Ran L, Chen Y, et al., Cancer Discovery 2018



FOXF1 is most differentially and highly expressed in GIST

Ran L, Chen Y, et al., Cancer Discovery 2018



FOXF1 and ETV1 co-localizes at enhancers in GIST

Ran L, Chen Y, et al., Cancer Discovery 2018



FOXF1 regulates ETV1 and KIT expression

Ran L, Chen Y, et al., Cancer Discovery 2018



FOXF1 regulates ICC/GIST transcriptome

Ran L, Chen Y, et al., Cancer Discovery 2018
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FOXF1 regulates ETV1 cistrome in GIST

Ran L, Chen Y, et al., Cancer Discovery  2018



FOXF1 regulates chromatin accessibility in GIST

Assay for Transposase-Associated Chromatin (ATAC-seq)

Buenrostro et. al. 2013 Nat Methods



FOXF1 functions as a “pioneer factor” that enforces lineage-dependency in GIST pathogenesis

FOXF1

(Mut) 
KIT ETV1

Transcription

Protein stabilization

Multilevel transcriptional regulation
• Direct transcriptional activation of KIT
• Transcriptional regulation of 

masterregualtor-ETV1 (Cistrome 
regulation, Chromatin accessibility…)

GIST-High lineage addiction
• dependent on KIT/PDGFRA signaling 
• <1% dedifferentiation in treatment-refractory GIST



Synergy of combined MAPK and KIT pathway inhibition
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Advantage of targeting lineage dependence:

•Bypasses multiple upstream resistance mechanisms

•Break the positive feedback circuit of ETV1/KIT-
target KIT expression regardless of mutations

•Block early adaptation and forestall resistance 
development and induces enhanced depth of cytotoxicity

Chi, P, Chen, Y et al, Nature 2010; Ran L et al., Cancer Discovery, 2015, 
2018; Xie et al, JCI 2018; Gupta A et al., Mol Cancer Ther, 2021 (ripretinib 
plus trametinib); Chi P et al., CCR 2022; Chi P et al., JCO 2022.

A phase Ib/II trial of imatinib plus binimetinib in advanced GIST
- Positive trial ! Combination is also effective in SDH-deficient GIST



Hierarchical organization of the 3D genome in the nucleus

Loop extrusion and TAD organization

Compartments: ~10-100Mb
TADs: ~200kb-2Mb
Loops: ~10kb-1Mb

Wang H., Han M., Qi LS, Nat Rev Genetics, 2021



Methods for mapping 3D chromosome architecture

Kempfer R and Pombo A, Nat Rev. Genetics, 2020 



A novel ALK variant through alternative transcription initiation (alternative promoter usage) 
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Type ALK ATI Total # of cases %
Skin cutaneous melanoma (SKCM) 38 334 11.34
Lung adenocarcinoma (LUAD) 3 470 0.64
Lung squamous cell carcinoma (LUSC) 1 482 0.20
Kidney renal clear cell carcinoma (KIRC) 2 480 0.42
Breast invasive carcinoma (BRCA) 1 988 0.10
Thyroid carcinoma (THCA) 0 482 0.00
Glioblastoma multiforme (GBM) 0 153 0.00
Brain lower grade glioma (LGG) 0 271 0.00
Bladder urothelial carcinoma (BLCA) 0 182 0.00
Prostate adenocarcinoma (PRAD) 0 195 0.00
Uterine corpus endometrial carcinoma (UCEC) 0 118 0.00
Kidney chromophobe (KICH) 0 66 0.00
Colorectal adenocarcinoma (COADREAD) 0 316 0.00
Ovarian carcinoma (OV) 0 261 0.00
Head and neck squamous cell carcinoma (HNSC) 0 303 0.00

TCGA RNA-seq

Wiesner T et al., Nature 2015 
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i.e. EML4-ALK
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F1174L
R1275QT1087I

K1062M

Functional: 
-drives oncogenesis 
-respond to ALK inhibitors



Alternative promoter usage in cancer

Alternative transcription initiation leads to expression of a novel  
oncogenic ALK isoform in cancer
• ALKATI present in 11% of melanomas and sporadically other cancers
• ALKATI transcriptional activation is regulated by epigenetic 

mechanisms

Pan-cancer transcriptome analysis reveals pervasive regulation through alternative 
promoters
• Estimation of promoter activity in 18,468 RNA-seq, 42 cancer types
• Alternative promoters display tissue-specific regulation and impact isoform diversity
• Cancer associated promoters alter the transcriptome independent from gene 

expression
• Patient-to-patient variation in alternative promoter is associated with survival

Demircioglu D., et al, Cell 2019
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shNIPBL_#1 (30%) shNIPBL_#2 (50%)

Haploinsufficiency of NIPBL leads to global alternative promoter usage

FDR<0.05; log2FC>=1 or <=-1

P<1x10-16 P<1x10-16 P<1x10-16 P<1x10-16 P<1x10-16

shNIPBL_#1 (30%) shNIPBL_#2 (50%)

FDR<0.1; CAGE-seq.log2FC most >=1, <=-1

d

Wong E et al., in revision



NIPBL perturbation leads to TAD size and insulation decrease and hierarchy loss

10Kb resolution (Hi-C biological duplicates)

OnTAD (Hierarchy domain structure)
An L et al., 2019
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Differentially regulated CTSS

967

688

688

647

454

347
106

876

703

644

1723

489

H
ie

ra
rc

hi
ca

l T
AD

 d
is

tr
ib

ut
io

n

≥ Level 5
Level 4
Level 3
Level 2
Level 1

Singleton

N
ested TAD

s

shLuc
(3791)

shNIPBL_#2
(4541)

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Integration of CAGE-seq and TAD hierarchy changes

Alternative promoter usage in cancer via perturbation in 3D chromatin hierarchy



CRISPRi/CRISPR-Cas9-mediated TAD hierarchy loss results in alternative promoter activation

CRISPRi: dCas9-KRAB-mediated blocking of CTCF binding at TAD boundary

CRISPR/Cas9 of WDR43 CTCF sites similar observation



Hi-C CRISPRi4C-seq

ChromHMM

H3K4me1
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H3K27ac
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TAD hierarchy loss results in alternative promoter activation from E-altP retargeting
(switch from long-range E to short-intermediate range E)



NIPBL perturbation contributes to transcriptional activation of ALKATI from the alternative promoter through enhancer 
re-targeting in melanoma

ALKATI expression is 
dependent on MITF



Alternative promoter usage in cancer via perturbation in 3D chromatin hierarchy

PromLTR

TSS

LTREnh Enh Enh EnhProm

TSS TSS

Hierarchical TADs
(e.g., NIBPL)

Alternative promoter activation from 
LTR by Enhancer-Promoter retargeting

Hierarchical 3D chromatin organization
Physiologically – Hierarchical TAD organization suppresses LTR-mediated spurious transcription and regulate LTR 
co-option, particularly in active chromatin compartment.

Pathologically – Perturbation in hierarchical TAD organization can lead to oncogene activation, transcriptional 
diversity/plasticity, neoepitope expression.



Paper discussion…

Discussion Paper: https://pubmed.ncbi.nlm.nih.gov/31666694/

Flavahan WA et al., Altered chromosomal topology drives 
oncogenic programs in SDH-deficient GISTs. Nature 2019

https://pubmed.ncbi.nlm.nih.gov/31666694/
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